Abstract-In this work the development of an "eight-shape" fiber optic sensor for high strain measurement is experimentally demonstrated. This strain sensor is interrogated using a commercial optical time domain reflectometer through a dual configuration that is able to measure backscattering and the transmission of an intensity pulse while reducing unwanted cladding-mode coupling effects. An 'in field' concrete beam bending test was also performed in order to compare the proposed intensity bending sensor with the mature fiber Bragg grating technology.
I. INTRODUCTION

I
N the past years, a considerable amount of research activity has been focused on the development of what is commonly called "smart structures". These "smart structures" have the ability of providing real-time information about their health and integrity and sometimes they can even adapt themselves to compensate any anomalous in-service or environmental loading, or other potentially structural-weakening conditions. The first step in order to develop this technology is to incorporate a structural sensing capability. This can be achieved, for example, through the use of strain measurement units at multiple locations throughout the structure [1] .
Fiber Bragg grating (FBGs) have become a dominant fiber sensing tool. These wavelength selective all-fiber devices have undergone a rapid development following the observation of a very-narrow-band reflection in the photosensitive core region of Ge-doped silica optical fibers [2] and its first successful fabrication on a fiber core by exposure of a coherent two-beam UV interference pattern in 1989 [3] . FBGs have all the advantages of fiber optic technology: they are immune to electromagnetic interferences (EMI), they are lightweight and have small physical dimensions, which makes them suitable for embedding into or attach to a structure. No external wires are required to connect these sensors to the control system as the fibers themselves act as both the sensing element and the signal propagation conduit. FBG sensors offer the advantage of single ended connection to control systems because only the reflected signals from the FBGs are important for demodulation. FBGs possess excellent resolution and range, water and corrosion resistance, the ability to be multiplexed, immunity to harsh weather conditions, compact sensor size, and reasonable cost per channel [4] . The technical specifications of the FBG strain sensor used for this paper are the following: 1.2 pm/ sensitivity, 4000 measurement range, accuracy and 1 resolution [5] . Also the manufacturer has informed us they have tested the FBG in a range of 25 nm, which corresponds to 21 milli-strain, being this the breaking point. The range of the sensor is not an absolute value, but is related to the cumulative probability of failure and fatigue and reliability also depends on the fiber stripping techniques are used. [6] . These 4000 measurement range corresponds to a typical value of the maximum strain applicable to FBGs and valid for most part of applications. However, specially designed FBGs can reach up to 10000 micro-strain [7] .
An alternative for FBGs in high strain applications are optical fiber intensity sensors based on bend mechanisms, that have been extensively used in different applications [8] - [10] . They are simple, reliable and low-cost elements that can be also multiplexed into a sensor network. Optical time domain reflectometer (OTDR) has become a valuable instrument to interrogate this kind of sensors, by measuring the induced changes in the optical intensity at different locations in the fiber [11] .
In this paper, we present the application of a simple "eightshape" fiber optic bending sensor for high strain monitorization. A concrete beam bending test is also presented. This test has been monitored simultaneously using FBG sensors and the "eight-shape" intensity sensor. This intensity sensor consists of a fiber tied in the shape of an eight number, which was first presented in 1997 by Sienkiewicz et al. [12] . These sensors were interrogated by a fiber Bragg grating interrogator and an OTDR [13] until the break of the concrete beam.
The concrete beam designed to the bending test was made by a HA25/P/20/2B concrete (Spanish normative) this means that this is a reinforced concrete with 25 Nw/mm of plastic consistency, 20 mm of maximum gravel size and was designed for normal external weather conditions. The reinforcement was made by 8 and 0.3 m width. As bending test, a four point test was performed. The beam was placed on a testing bench on two points located 25 cm from the ends and the load was applied at two different points for achieving an uniform bending moment in the center of the beam. Therefore, the tensile stress was suffered at the bottom and the compressive stress at the top. These areas of the beam are considered ideal for testing [14] .
II. SENSOR DEVELOPMENT
The high strain intensity sensor used in this work consists of a standard single mode fiber "tied" into the shape of a figure of eight, as it is shown in Fig. 1 . When a displacement in length occurs, the sensing head size decreases and a power loss is induced through the decrease of the loop radius [8] . This fiber structure, properly bonded, can be used as a high strain sensor. The setup used is presented in Fig. 2 , where the backscattering and the transmitted power are simultaneously detected by a commercial OTDR EXFO FTB-7423B-B.
Two circulators, an optical switch and an EDFA are used. The launched pulses and the backscattered signal reaching the OTDR are physically separated using a first circulator. The launched pulses are amplified by an EDFA, in order to compensate the loss of the remaining components and to increment the dynamic range in the OTDR. The switch is used to select the transmission pulses that go through the "eight-shape" sensor or the backscattered power redirected by the circulator located after the EDFA. Finally, both, backscattering and transmission acquired traces are processed and combined. Fig. 3 presents the experimentally obtained backscattering and transmission data of the proposed sensor.
The processing method involves the calculation of the mean backscattered power of both OTDR traces in the measuring zone which changes with the displacement. In the backscattered trace we have used the measured values corresponding to the zone between 200 m and 1250 m, and in the transmission trace, the points used are the corresponding to the peak. This peak appears at half of the distance of the network's length because the OTDR measuring software divides by two the propagation time along the tested setup. Because in this transmission measurement the light only travels one way, the OTDR understands that the detected signals are "reflected" at half of the distance. Finally the result for each trace is added. The reason to combine both traces comes from the observation of the transmitted signal and the backscattered signal cladding-modes. The behavior of traces corresponding to both signals is, for some bending radius, complementary.
This processing technique combined with a cladding mode recombination before and after the "eight-shape" sensor is necessary to achieve a good sensor behavior. For this task various loop diameters of single-mode fiber have been tested to achieve the best bending response. In order to avoid cladding-mode coupling, additional loops acting as mode scramblers were used before and after the "eight-shape" sensor. These mode scramblers radiate the cladding modes before and after the sensor to achieve the most linear response. Different diameter fiber loops were tested as shown in Fig. 4 . The different number of loops was chosen empirically and, as is shown in Fig. 4 , a small change in the number of loops in this configuration changes the response significantly. For this reason it is important to calibrate this parameter before use this sensor system. In this case the best result was achieved using 6 loops of 35 mm of diameter-into the sensors, 2 25 mm loops before the "eight-shape" and 5 35 mm loops after the "eight-shape" as mode scramblers. 
III. RESULTS AND DISCUSSION
The previous presented sensors were identified as suitable for high strain measurements, in applications where FBGs suffer excessive deformation and finally, break. In order to demonstrate their suitability, an experiment was designed to collect different data from different sensors in order to verify the behavior of the sensors in concrete structures. Different sensors have been used in a concrete beam bending test: embedded FBG strain and temperature sensors, surface FBG strain sensors and the "eight-shape" strain sensor. FBG sensors were interrogated by a SM125 interrogation unit from Smartech and the "eight-shape" strain sensor was interrogated by the EXFO OTDR unit. In Fig. 5 the different sensors used are shown, and in Fig. 6 the setup used to interrogate the "eight-shape" sensor is presented. In this case only the OTDR is used for measurements of a 1200 m section of single mode fiber SMF28 with the "eight-shape" sensor located at 200 m from the OTDR.
The embedded FBG sensors were installed in the concrete beam before the pouring. In Fig. 7 the beam transversal section with the sensor distribution can be seen. The external strain FBG and the "eight-shape" sensor were installed before the bending test. This figure also depicted the steel beams distribution as circles (4 16 mm means 4 steel beams of 16 mm diameter). An external temperature FBG sensor was operative during all the experiment. Fig. 8 shows the sensors distribution and the different beam dimensions. Fig. 8 also shows the four point bending test setup. The triangles at the bottom of the beam correspond to the beam support points and the arrows in the top of the picture indicate the points where the load is applied (shown as P/2). After all sensors were installed and prepared for the bending test, different weights were applied in the middle of the concrete beam. As Table I indicates, initially, 500 kilograms steps were applied from the start to the first crack, which appeared when reaching an applied weight of 4500 kilograms. After this crack appeared, 1000 kilograms weight increments were applied until the break of the beam. After this point the steel comes at a state of plastic deformation which indicates that the beam does not bear more load. We introduced more deformation until the breakage of the FBG. Figs. 9 and 10 show pictures taken of the pole structure before and after the bending test, respectively.
Both, concrete embedded FBG and "eight-shape" sensors monitored the concrete beam behavior during the bending test. The plots in Figs. 11 and 12 show the strain measurements as a function of time and the weight applied to the beam, respectively. The FBG strain versus time trace is visible during all the events in the bending test: the cracking point, all the weight steps and when the FBG broke. The FBG measurement range was overcome in about 1000 micro-strain above the company specifications. FBG pre-break measurements that exceeded this range cannot be considered as reliable. In both plots, OTDR-"eight-shape" strain sensor results are also shown. These "eight-shape" sensor results adjust correctly to the accurate FBG results. We would like to remark that the low cost "eight-shape" sensor has a higher measurement range than the utilized FBG. The Fig. 12 plot shows two different events, the cracking point at 12:15 h-4000 kg, and the failure point at 13:50 h-17000 kg. The strain measurement at failure is significantly high. This strain increment, due to the overstrained steel could be measured only by the "eight-shape" sensor. Its demonstrated measuring range is three times higher than FBGs one. Passed 1 hour and 30 minutes of test session (see Fig. 11 ) and applying a weight of 12000 Kg some deviant points appeared due to cladding-modes coupling. In order to avoid cladding-modes coupling, the above mentioned fiber mode scramblers before and after the tie strain sensor were developed.
IV. CONCLUSION
In this paper the application of low cost bending sensor for high strain measurements has been proposed and demonstrated. A concrete beam bending test has been monitored by FBGs and the low-cost intensity strain bending sensor proposed. The ability for high strain measurement of the proposed sensor was demonstrated during the bending test, showing a wider range of operation than the FBG. Also, the proposed setup improves the sensor system behavior reducing the unwanted cladding-mode coupling effects. He has been leader of more than 20 research projects and he has coauthored more than 150 works in international refereed journals and conferences related with fiber-optic networks, optical amplifiers, fiber-optic sensors, and integrated optics.
Prof. Lopez-Amo is a member of the technical committees of the International Conference on fiber optic sensors (OFS), the European Workshop on optical fiber sensors (EWOFS), and European COST TD 1001 action, among others. He is a member of the OSA
